Integrated basic treatment of activated carbon for enhanced CO2 selectivity  by Adelodun, Adedeji Adebukola & Jo, Young-Min
I
s
A
D
a
A
R
R
1
A
A
K
C
A
C
A
A
1
a
a
p
w
m
a
s
w
[
p
b
w
i
a
r
A
i
p
0
hApplied Surface Science 286 (2013) 306– 313
Contents lists available at ScienceDirect
Applied  Surface  Science
jou rn al h omepa g e: www.elsev ier .com/ locate /apsusc
ntegrated  basic  treatment  of  activated  carbon  for  enhanced  CO2
electivity
dedeji  Adebukola  Adelodun,  Young-Min  Jo ∗
epartment of Environmental Science and Engineering, Kyung Hee University, Gyeonggi-do, Yongin 446-701, South Korea
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 26 July 2013
eceived in revised form
1 September 2013
ccepted 12 September 2013
vailable online 20 September 2013
a  b  s  t  r  a  c  t
We  attempted  the  use  of  three  chemical  agents  viz  nitric  acid  (HN),  calcium  nitrate  (CaN)  and  calcium
ethanoate  (CaEt)  to achieve  enhanced  CO2 selective  adsorption  by  activated  carbon  (AC).  In dry  phase
treatment,  microporous  coconut  shell-based  carbon  (CS)  exhibits  higher  CO2 capacity  than  coal-based.
However,  upon  wet-phase  pre-treatment,  modiﬁed  CS  samples  showed  lesser  CO2 adsorption  efﬁciency.
Surface  characterization  with  X-ray  photoelectron  spectroscopy  conﬁrms  the  presence  of  calcium  and
amine  species  on  the  samples  with  integrated  treatment  (A-CaN).  These  samples  recorded  the  highesteywords:
arbon dioxide
mination
alcination
low-level  CO2 capture  despite  calcinated  CaEt-doped  samples  (C-CaEt)  showing  the  highest  value  for
pure and  high  level  CO2 adsorption  capacities.  The  slope  and  linearity  values  of  isobaric  desorption  were
used to  estimate  the  proportion  of  CO2 chemisorbed  and  heterogeneity  of the  adsorbents’  surfaces  respec-
tively. Consequently,  integrated  basic  impregnation  provides  the  most  efﬁcient  adsorbents  for  selective
r  and
 Scottdsorption capacity
dsorption selectivity
adsorption  of  both  indoo
© 2013 I.M.
. Introduction
Over the years, several preparation and modiﬁcation
pproaches have been employed to enhance the efﬁciency of
ctivated carbons in various applications (AC) [1,2]. With CO2
opularly indicted to be responsible for anthropogenic global
arming, its source-reduction and containment have sufﬁced as
ajor ways to attenuate present change in climate [3–5]. CO2
dsorption on porous materials, for effective capture and temporal
torage has therefore become of interest. The use of AC prepared
ith different agents under various conditions has been reported
6–13]. Intrinsically, AC has high potential for adsorbing ﬂuids by
hysisorption, by virtue of its extremely high surface area achieved
y its intensely developed pore structure. However, the levels at
hich CO2 is often present in our environment is much lower,
.e. about 0.04–0.3% (ranging from unpolluted to subway spaces)
nd 4–15% (ﬂue gases of power stations) for indoor and outdoor,
espectively [14,15], hence the selectivity of prepared or modiﬁed
C towards CO2 in these trace and lower-major levels determines
ts applicability to environmental use. Many researchers have
ublished works on the preparation of adsorbents with various
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excellent capacities for pure CO2 feed. However, to an environmen-
talist, such adsorbents are of no relevance, except their reported
efﬁciencies quantitatively indicate their selectivity towards CO2 in
both indoor and outdoor levels.
The effect of dry phase pre-oxidation prior amination of AC
has been experimented and found to promote CO2 selectivity by
chemisorption [16–21], even though the impregnation method
often lead to reduction in pure CO2 adsorption capacity due to
blockage and distortion of micropores. HNO3 is one of the min-
eral impregnants that have proven to be efﬁcient wet  oxidants
in inducing large amount of surface oxygen functionalities (SOFs)
on ACs [22–25]. However, it has not been investigated if such
prowess is based on the acidity (H+) or the nitrate’s oxidation poten-
tial. Also, no work has reported its use in incorporating SOFs that
enhance amination by creating speciﬁc surface nitrogen function-
alities (SNFs) with signiﬁcant afﬁnity towards Lewis acid gases such
as CO2.
We  therefore attempt to modify commercially available AC by
thermal treatment methods after wet pre-treatment, in order to
enhance the selective adsorption of CO2 for both indoor and out-
door levels. This was  investigated and reported in current work.
2. Experimental
2.1. Materials
Open access under CC BY-NC-ND license.Commercially available coconut shell (WSC-470) and coal (WS-
490) based AC, procured from Calgon Carbon Corporation, USA
were used as starting materials. Speciﬁc surface area (SBET) [26]
 BY-NC-ND license.
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nd pore size distributions [27,28] were determined with the use
f Belsorp II mini, supplied by BEL Japan, Inc. Ultimate analysis
as carried out with an automatic elemental analyzer, Flash EA
112 (CE) while K-Alpha (Thermo-electron) X-ray photoelectron
pectrometer was employed to quantitatively identify the chemi-
al functionalities present. Thermogravimetric analyzer (TGA) STA
-1000, acquired from SCINCO, Korea, was used to determine the
mbient CO2 capture capacity and also to carry out isobaric desorp-
ion of CO2 laden adsorbents.
.2. Methods
.2.1. Sample pretreatment
As-received pellets, partially ground and characterized between
 and 1 mm,  were copiously washed with deionized water, ﬁltered
nd dried at 120 ◦C for 24 h. Pre-cleaned granules were then cooled,
agged and name-tagged CS and CL,  used as raw coconut shell-
ased and coal-based ACs (RACs), respectively.
Samples of 2 M HNO3, 1 M,  each of Ca(NO3)2 and Ca(CH3COO)2,
ere prepared and, respectively, referred to as HN,  CaN and Ca(Et)2
ereafter, in sample identiﬁcation. A solution of 2 M HNO3 was
elated to 1 M of Ca(NO3)2 to relatively obtain equal amount of
oles of nitrate (nNO3−) in both agents, whilst nCa in Ca(NO3)2
nd Ca(Et)2 was also assumed equal. Table 1 summarizes sample
retreatment procedures employed.
After pretreatment, the samples were copiously washed with
eionized water and ﬁltered under vacuum before drying at 120 ◦C
or 12 h. They were retrieved, cooled in a electric desiccator prior
hermal treatments at 800 ◦C.
.2.2. Heat treatment of pre-treated samples
An amount of 15 g treated sample was introduced into quartz
eactor, placed in a vertical furnace and ramped up to 800 ◦C at
.5 ◦C/min under N2 atmosphere. It was kept at this temperature
or 2 h under NH3 ﬂow for amination (A) while the N2 ﬂow was
nchanged for calcination (C). After the soaking period, the fur-
ance cools to 100 ◦C. Further cooling to room temperature was
arried out under N2 ﬂow.
Prepared adsorbents were then retrieved and outgassed at
20 ◦C under mild vacuum condition for 2 h. Cooling and preserving
ach sample then followed as described in Section 2.2.1. The envis-
ged reaction mechanisms that ensued in the treatment processes
re expressed in Eqs. (1)–(3).
(i) Surface oxygen functionalities (SOFs) incorporation by HNO3
NO3-(aq) → Oo(SOFs) + NO2(g) (1)
(ii) Simultaneous impregnation of calcium and SOFs by Ca(NO3)2Ca2 + (aq) + 2NO3-(aq)
→ Cao(s) + 2Oo(SOFs) + 2NO2(g); or (2a)
able 1
rocedures for preparation of impregnants and pre-treatment.
RAC Agent Preparation of impregnant 
RAC granules (CS, CL) HNO3 (HN) 500 mL  of 2 M HNO3 was prepared
Used after 1 h
Ca(NO3)2 (CaN) Dissolution in water and gentle sti
for 1 h. Make up to 500 mL  mark w
stirring. Use after 1 h
Ca(Et)2 (CaEt) Dissolution in water and gentle sti
for 2 h. Make up to 500 mL  mark.
Further 3 h stirring, ﬁlter and use a
oncece Science 286 (2013) 306– 313 307
Ca2 + (aq) + 2NO3-(aq) → CaO(s) + Oo(SOFs) + 2NO2(g)
(2b)
(iii) Calcium impregnation with Ca(Et)2 (calcination)
Ca(CH3COO)2 → CaO(s) + C2H4(g) + 2CO(g) + H2O(g) (3)
2.2.3. pHpzc
In order to determine carbon’s surface pH at point of zero charge,
six solutions of 0.1 M KNO3 with initial pH values (pHi) of 2, 4, 6,
8, 10 and 12 were prepared with dropwise addition of 0.05 M solu-
tions of HNO3 and KOH, limiting the ionic content to H+, K+, OH− and
NO3− [29,30]. Aliquots of each pre-treated adsorbent was added to
each solution and agitated for 24 h, before the ﬁnal pH (pHf) was
measured.
A plot of pHf against pHi was made and the observed plateau
along the pHi axis represents the pHpzc.
2.3. CO2 adsorption test
The eventual test on the prepared adsorbents was the deter-
mination of CO2 adsorption capacities, carried out with the aid of
BelsorpII mini and TGA. At room temperature, the monosorp instru-
ment enabled the measurement of absolute adsorption capacity
(qabs), i.e. from subnormal pressure of 0 to1 atm as samples were
outgassed to a vacuum state prior measurement, while the TGA
was  used to determine adsorption capacity at ambient pressure
(qamb). For environmental applicability, selectivity tests were car-
ried out to determine the adsorption efﬁciency for high (10%) and
low (0.3%) CO2 levels. The matrices of the CO2 feeds were condi-
tioned to mimic  outdoor and indoor air respectively. CO2 isobaric
desorption at 120 ◦C, was carried out on selected samples in order
to estimate the rate and ease of CO2 desorption.
3. Results and discussion
3.1. Textural examination
In order to determine changes in textural properties brought
about by the surface treatments, the SBET and porosity of test sam-
ples were assessed and reported in Table 2. Pretreatment brought
about decrease in SBET with varying degrees of pore modiﬁcation
with respect to the carbon precursor. Both carbon types showed
similar depreciation in SBET when pre-oxidized with HNO3, as
Ca(NO3)2 showed more etching effect than Ca(Et)2 on CL,  The
reverse was observed with CS,  as Ca(Et)2 brought about the most
signiﬁcant deterioration in textural properties, although there was
no evident changes in the average pore size (Av.dp) for all samples.
It is opined that the differences in the effect of the solutions on the
carbon types could be better understood with results of volatile
(%V.C) and ash contents (%A.C) obtained from proximate analysis.
Impregnation method ID
. 100 mL  of agent was added to 20 g of
RAC. Agitation at 100 rpm for 3 h in a
defrosted environment followed
HN–CS; HN–CL
rring
hile
CaN–CS; CaN–CL
rring
t
100 mL  of agent was added to 20 g of
AC in a pirex bottle and capped. It was
agitated at 150 rpm for 5 h in a
defrosted environment
CaEt–CS; CaEt–CL
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Table  2
Textural properties of RACs and pre-treated carbons.
Sample SBET (m2/g) VT (cm3/g) Av.dp (nm) Vmicro (cm3/g) Vmeso (cm3/g)
CS 1143 0.505 1.77 0.432 0.074
CL  1324 0.599 1.81 0.498 0.102
HN–CS  1035 0.455 1.76 0.394 0.062
HN–CL  1194 0.536 1.80 0.447 0.090
CaN–CS 872 0.387 1.78 0.329 0.059
CaN–CL 1044 0.471 1.84 0.387 0.092
CaEt–CS 857 0.385 1.80 0.324 0.061
CaEt–CL 1060 0.477 1.80 0.397 0.081
SBET = speciﬁc surface area; VT = total pore volume; Av.dp = average pore diameter; Vmicro = micropore volume; Vmeso = mesopore volume.
Table 3
Textural characteristics of prepared adsorbents.
Sample SBET (m2/g) VT (cm3/g) Av.dp (nm) Vmicro (cm3/g) %aext Vmeso (cm3/g) Vmicro/VT
A-CS 1270.7 0.574 1.808 0.478 1.01 0.096 0.833
A-CL  1361.3 0.636 1.869 0.505 1.30 0.131 0.794
A-HN–CS 1276.7 0.581 1.820 0.478 1.12 0.103 0.823
A-HN–CL 1428.2 0.664 1.861 0.527 1.17 0.138 0.794
A-CaN–CS 1044.8 0.476 1.823 0.394 1.04 0.082 0.828
A-CaN–CL 1194.7 0.559 1.872 0.443 1.38 0.117 0.792
A-CaEt–CS 1083.3 0.499 1.845 0.407 1.26 0.093 0.816
C-CaEt–CS 1059.5 0.467 1.761 0.402 0.91 0.064 0.861
C-CaEt–CL 1230.8 0.567 1.843 
%aext = percentage proportion of external surface area; Vmicro/VT = ratio of micropore volum
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Fig. 1. Micropore size distribution of prepared adsorbents.
Upon high temperature treatment, the physical properties of
he prepared adsorbents were further determined (Table 3). It was
ound that amination tend to increase in SBET as both micropores
nd mesopores were enhanced, evidently observed as increase in
verage pore size (Av.dp). This effect was further increased by
NO3 pre-oxidation (A-HN) whilst those pretreated with Ca(NO3)2
A-CaN) and Ca(Et)2 (C-CaEt) showed signiﬁcant reduction com-
ared to untreated ones. The percentage of external surface area
%aext) and micropore volume proportion (Vmicro/VT) were esti-
ated. To determine the most available surface for amination %aext
as derived (using MP  plot [28]). Since the NH3 was fed at high tem-
erature, it is assumed that the high entropy of the gas molecules
t such condition could hinder amination of the inner pore walls,
hereas Vmicro/VT is used to estimate the potential physisorption
fﬁciency of the prepared sorbents.
Fig. 1 presents micropore size distribution of RACs and mod-
ﬁed adsorbents. The average pore size of RAC was increased by
NO3 while reduction was observed with those of Ca(NO3)2 as
he pore widens. However, calcination showed highest reduction in
able 4
Hpzc values of AC and pre-treated samples.
Sample CS CL HN–CS CaN–CS 
pHpzc 9.5 9.7 4.4 8.2 0.460 1.16 0.107 0.811
e to total pore volume.
pore diameter as narrower micropores with average size of 0.4 nm
were formed. Calcinated samples (C-CaEt–CS/CL) showed better
improvement on the carbon’s microporosity than those of ami-
nated Ca(NO3)2 (A-CaN–CS/CL) which could effectively improved
CO2 physisorption. This could be due to the formation of more CaO
on adjacent pore walls, leading to reduction of pore spaces.
3.2. pHpzc
Since CO2 has afﬁnity for basic sites, the assessment of changes
in surface pH brought about by the impregnants was carried out by
measuring the pHpzc of the pre-treated adsorbents. Based on the
procedure described in Section 2.2.3, the pHpzc obtained from the
plots are given in Table 4.
CS and CL show similar pH values of about 9.6 while treatment
with HNO3, Ca(NO3)2 and Ca(Et)2 gave different results. At a glance,
all the three agents increased the acidity of the samples irrespective
of the carbon precursor. HNO3 brought about the highest acidiﬁ-
cation as the pHpzc of CS and CL were reduced equally by 5.1. It
could be inferred that HNO3 has the same effect on CS and CL as
far as acidiﬁcation is concerned. However, both calcium solutions
showed similar impact on CS and their effects are not glaringly dis-
similar with CL either. Here, it is apparent that the acidity of the
Ca-containing impregnants does not have signiﬁcant effects on the
induced pH on each carbon type.
3.3. Proximate and ultimate analysis
3.3.1. Proximate analysis
Results obtained from proximate analysis carried out as
described in [31] are given in Table 5. It was  observed that CL con-
tains more moisture than CS while after pre-treatment the reverse
was  noticed as all the CS samples exhibited higher %M.C. This could
CaEt-CS HN-CL CaN-CL CaEt-CL
8.1 4.6 8.8 9.0
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Table 5
Proximate analysis of untreated and pre-treated carbon granules.
Parameters CS CL HN–CS CaN–CS CaEt–CS HN–CL CaN–CL CaEt–CL
%M.C 0.23 0.61 1.25 0.55 0.08 1.17 0.30 0.01
%A.C  2.40 2.12 1.46 5.24 6.45 2.50 6.65 6.72
%V.C  5.89 5.26 13.30 12.75 8.98 12.00 11.02 7.02
%F.C  94.11 94.74 86.70 87.25 91.02 88.00 88.98 92.98
Table 6
Results of ultimate analysis.
Sample %C %H %N %O
CS 89.16 2.03 0.33 1.56
CL  85.22 2.51 0.14 1.81
HN–CS 75.78 2.57 1.08 6.51
CaN–CS 75.57 0.45 1.37 7.27
CaEt–CS 77.87 0.81 0.51 6.63
HN–CL 71.31 0.61 1.13 8.68
CaN–CL 73.68 0.42 1.27 6.51
CaEt–CL 76.32 0.54 0.51 4.10
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XPS N 1s peak ﬁtting for SNFs [20].
XPS peaks N 1s functionalities B.E peak (eV)
Peak 1 Nitride-like/aromatic N-imines 395.6–396.7
Peak 2 Pyridine type 398.4–398.8
T
E
Note: %S was found to be “not detected” for all samples.
e due to either the presence of narrower pores in CS which possibly
ntraps more water molecules during the wet treatment processes
r the differences in their intrinsic hydrophilicity.
Wet  oxidation signiﬁcantly increased the ash content of the
amples except for HN–CS where the %A.C was reduced from 2.40
o 1.46 whereas that of N-CL was merely increased. This showed
he level of impurities induced into the graphene structure by the
ineral acid was less signiﬁcant compared to those of the carbon
alts, of which Ca(Et)2 is more profound. Also, results showed that
L seemed to be more prone to adulteration than CS.
With respect to %V.C, experimental results showed that CS con-
ains more volatile components than CL,  and after high temperature
reatment, the values increased hugely for both in similar mag-
itude. In recap, Ca(Et)2 > Ca(NO3)2 > HNO3 was the obtained %V.C
agnitude trend. Based on differences in %F.C, modiﬁed CL samples
enerally showed higher thermal stability than those of CS.
.3.2. Ultimate analysis
A primary purpose of using HNO3 and Ca(NO3)2 was to increase
he %O of RACs. Since the nNO3− in both reagents were assumed
qual, it is expected the amount of SOFs tethered on the carbon
urface would be of similar values, if nNO3− is the driving force.
ltimate analysis, however, showed that HNO3 was  observed to
e more efﬁcient in incorporating more SOFs than Ca(NO3)2 on CL
hile the reverse was the case with CS (Table 6).
CL samples showed that pre-oxidation agent with higher acidity
HN) has more oxidizing effect as O% was observed in this trend;
N–CL > CaN–CL > CaEt–CL, although this was not the direct trend
bserved with CS samples. This result suggests that the suscepti-
ility of AC to wet oxidation varies with the nature of the carbon’s
recursor.
able 7
lemental composition of some prepared adsorbents obtained from XPS analysis.
Sample code %C %N %O 
A-HN–CS 92.37 4.34 3.3 
A-HN–CL 92.89 4.12 3.0 
A-CaN–CS 86.28 3.24 7.53 
A-CaN–CL 77.81 4.87 11.38 
CaEt–CS  85.37 0.22 12.25 
C-CaEt–CS 80.46 ND 14.78 
C-CaEt–CL 78.59 ND 17.11 
ote: “NA” means “not applicable”; “ND” means “not detected”.Peak 3 Pyrrole, pyridonic 400.1–400.4
Peak 4 Quaternary 401.2
3.4. Characterization of chemical functionalities
Observed ultimate analysis results reported in Table 6 showed
that nitric acid (HN–CS,  HN–CL) seems to have induced more OH-
bearing SOFs on CS than on CL,  based on the lucid difference in
the %H that accompanies that of %O. However, regarding Ca(NO3)2
(CaN–CS,  CaN–CL), there was less signiﬁcant differences between
the two  samples when condering elemental compositions. Upon
amination, the effect of these SOFs was  determined on the type
and amount of SNFs formed, which would ultimately identify their
signiﬁcance to CO2 selectivity.
The elemental percentage composition obtained from XPS anal-
ysis is given in Table 7. A-HN–CS showed that amination with HNO3
pre-oxidation ensured %N higher than that pre-oxidized with CaN
where as the reverse was the case with CL (A-HN–CL). Also, a
higher %O induced on CS by Ca(NO3)2 than HNO3 was obtained
(Table 6). Whether this would have a depreciating effect on ami-
nation, as the conversion of SOFs to SNFs depends largely on the
nature of the former and not the amount present, was investigated
by deconvolution of N 1s of aminated pretreated samples. A sur-
vey of calcium–carbon ratio (Ca:C) showed that formation of CaO
favours CL over CS,  with A-CaN–CL and C-CaEt–CL having similar
values. As earlier opined, the wider pore structure of CL over CS
seems to favour the wet  impregnation by calcium-based agents, as
more pore surfaces become easily assessable for the calcium. How-
ever, the larger N:C and Ca:C exhibited by A-CaN–CL and C-CaEt–CL
were accompanied by relatively high oxygen–carbon ratio (O:C).
These values could indicate the presence of O-bearing SNFs such as
nitro groups (which are literarily Lewis acids) or it could be ascribed
to those of CaO.
In other to conﬁrm the nature of the SNFs induced by amination,
after pretreatment with nitrate agents, deconvolution of N 1s spec-
tra was  carried out using allocated binding energies in Table 8. Fig. 2
shows the XPS raw spectra as obtained, identifying the elemental
components of interest. Prior deconvolution, the obtained peaks
were calibrated by adjusting C 1s graphitic carbon’s binding energy
to 284.6 eV. Upon deconvolution, obtained segregated peaks are as
%Ca N:C Ca:C O:C
ND 0.047 NA 0.036
ND 0.044 NA 0.032
2.94 0.038 0.034 0.087
5.94 0.063 0.076 0.146
2.16 0.003 0.025 0.143
4.75 NA 0.059 0.184
5.89 NA 0.075 0.218
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Qig. 2. XPS spectra showing identiﬁcation of elements present in pre-treated car-
ons.
isplayed in Fig. 3. Quantiﬁcation results of the SNFs are provided
n Table 9.
Qualitative examination of the results indicates that both HNO3
nd Ca(NO3)2 pretreatment promoted the incorporation of pyri-
inic, pyrollic and pyridonic functionalities (peaks 2 and 3). It was
lso observed that HNO3 and Ca(NO3)2 do not favour the forma-
ion of peak 1 and peak 4 complexes respectively, conﬁrming that
espite both agents having relatively the same nNO3−, they tend to
ave different oxidation pathways. This observation is attributed to
he difference in their acidity, as earlier observed by pHpzc study.The types and amount of SNFs found on the prepared sam-
les were based not only on the differences in the pre-treatment
ut also that of carbon types. Sufﬁciently basic nitride and aro-
atic amine groups (peak 1), which by nature of their available
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Fig. 3. Deconvoluted N 1s XPS d
able 9
uantiﬁcation of SNFs from XPS N 1s ﬁtted peaks.
Sample Peak area (% weight)
Peak 1 Peak 2 
A-HN–CS ND (NA) 1303.8 (
A-HN–CL ND (NA) 2549.3 (
A-CaN–CS 1788.6 (27.44) 3727.9 (
A-CaN–CL 4856.1 (61.80) 2026.7 (ce Science 286 (2013) 306– 313
unpaired electrons and the absence of electron-withdrawing ele-
ments, would show signiﬁcant basic afﬁnity towards CO2, was
evidently found in samples pretreated with Ca(NO3)2 but absent
in those of HNO3. Between A-HN–CS and A-HN–CL, pyridine N-
type was found to be doubled in the latter sample but present in
the similar percentage proportions. Peaks 2 and 3 SNFs were, how-
ever, much favourably induced on CS,  with pyridine group found
in highest amount on A-CaN–CS. Structurally and thermally refrac-
tory quaternary-N groups, embedded in the graphene structure,
which by virtue of their unavailable electron lone pair, are deemed
unavailable for Lewis acid–base interaction (thereby not suitable
to provide attracting sites for CO2) were only formed on samples
pretreated with highly acidic HNO3 solution.
3.5. Assessment of CO2 adsorption
The pure CO2 adsorption capacity, high and low levels selectivity
were used to evaluate the efﬁciency of pre-treatment on the heat
treatments of the two  carbon types.
3.5.1. Adsorption capacity
The qabs largely depend on the micropore distribution of tested
samples as the surface chemical interactions between the adsor-
bate and the adsorbent becomes less signiﬁcant while qamb,
measured at ambient pressure, would show some dependence on
adsorbent’s surface chemistry. Fig. 4 shows the adsorption capacity
results of both measurements, comparing samples of CS with CL.
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ata of aminated samples.
Peak 3 Peak 4
46.22) 1203.7 (46.68) 413.1 (14.64)
49.75) 1836.5 (35.84) 738.0 (14.40)
57.18) 1002.6 (15.38) (ND) NA
25.79) 974.6 (2.40) (ND) NA
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Table 10
Estimation of chemisorption and heterogeneous surface.
Sample m R2
CS 51 0.9996
A-CS 45 0.9988
A-HN–CS 40 0.9993
A-HN–CL 38 0.9981
A-CaN–CS 27 0.9968Sa
Fig. 4. Comparison betwe
CS,  being predominantly microporous (with higher Vmicro/VT)
nd narrower micropores (lower Av.dp), showed higher qabs than
L, regardless of the sample modiﬁcation treatments. The signiﬁ-
ance of the differences in these textural properties becomes more
vident with heat treatment, especially when amination was done
ithout pre-oxidation. As expected, the values of qamb were gener-
lly smaller to that of qabs due to the subjection of the test samples to
egassing prior CO2 feeding at increasing pressure (in the former),
nabling increased accessibility of CO2 molecules to inner and nar-
ower micropores. From this observation, it is opined that those
ith high qamb exhibit more basic surfaces for chemisorption while
etter developed miropore structures are characteristic of those
ith comparatively higher qabs. It was also seen that there was
o signiﬁcant difference with respect to untreated carbons, which
ndicates a high reliability of the previous deduction. RACs and C-
aEt–CS show highest values for qamb while A-CL has the lowest.
hese results conﬁrmed that pure CO2 adsorption depend on the
icropore size distributions, proportion of Vmicro to VT, and to some
xtent, the availability of basic chemical complexes. The ease of
hermal decomposition of Ca(Et)2 over Ca(NO3)2 could be ascribed
o the signiﬁcant capacity capture at pure level, as blockage of the
icropores was less observed with the former (Table 2).
.5.2. Isobaric desorption measurement
The estimation of the proportion of chemisorbed CO2 by
ethered basic species was achieved by isobaric desorption mea-
urement. Sample was initially dried at 120 ◦C under N2 ﬂow before
eing saturated with CO2 at 25 ◦C for 30 min. The adsorbate was
hen desorbed by ramping up the furnace to 120 ◦C at a heating
ate of ca. 6.5 ◦C/min. It was kept at this temperature for 60 min
fter a stable plateau has been observed. Fig. 5(a) shows an exam-
le of observed adsorption–desorption proﬁle while Fig. 5(b) is an
95
96
97
98
99
100
101
102
W
ei
g
h
t 
( 
%
)
Time (min)
(a)
Fig. 5. (a) TGA adsorption/desorption proﬁle. (b)%w = mt;  where m = slope (indicative of amount CO2 desorbed per unit time) m
(mmol/min) = [(%wt ÷ 44)/t  × 10,000].
illustration of how the segregated portion of isobaric desorption
was  obtained.
The slope (m) and linear regression (R2) of the desorption
proﬁle are indicative of rate (ease) of desorption and chemical
heterogeneity of the surface respectively. Table 10 presents the
results obtained for the determination of these parameters. As
noticed, amination brought about lowering of m compared to
those of pristine carbons, which indicates the presence of stronger
interaction(s) between the modiﬁed surface(s) and CO2. Such inter-
action was enhanced by HNO3 pre-oxidation. Ca(NO3)2 pre-treated
samples showed further lowering of m, indicating lesser ease of
desorption. This could be due to increased surface heterogene-
ity, achieved by the different types and magnitude of different
SNFs present for CO2 adsorption, as identiﬁed by both ultimate
and XPS analyses. The lowest value, however, was shown by calci-
nated sample, indicating the possibility of covalent bond between
CO2 and impregnated Ca-based species, which is much stronger
than the dative bonds that bind CO2 molecules with identiﬁed
SNFs. Considering average mass of 18 mg  was  used for this analysis,
the differences in the calculated values seem signiﬁcant, indicat-
ing high differences in heat of adsorption. The lower the R2 value,
the higher the heterogeneity of the chemical species with afﬁnity
R² = 0.9951
%
 W
ei
g
h
t
Time (min)
Linear  (Isoba ric deso rption )
(b)
 Isobaric desorption proﬁle of test sample.
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owards CO2. As expected, Ca(NO3)2 impregnated samples showed
owest R2 value while CS, the highest. Despite C-CaEt–CS having
he highest values for both qabs and qamb, it showed a comparatively
igh R2, probably because most CO2 molecules were adsorbed by
ne type of specie, CaO. To afﬁrm this assumption, a new sample, A-
aEt–CS, was prepared for this purpose and the R2 value was  found
o show a signiﬁcant reduction from C-CaEt–CS’s 0.9990 to 0.9974,
ndicating the presence of SNFs with lower CO2 heat of adsorption.
.5.3. Adsorption selectivity (environmental applications)
The application of prepared adsorbents to environmental use
as experimented by carrying out CO2 selective adsorption for both
ndoor and outdoor levels. Fig. 6 depicts the results obtained as
he performances of all prepared samples were compared. It was
vident that at higher CO2 concentration (partial pressure), more
mount of its molecules were adsorbed. As observed with pure CO2
apacity test (Fig. 4), pristine CS showed better CO2 selectivity than
L at both levels, and this difference became more signiﬁcant with
mination and HNO3 pre-oxidation. The only observed anomaly
as the higher low-level adsorption of A-CL over A-CS. Amination
ithout HNO3 pre-oxidation provided better 0.3% CO2 adsorption
hereas the reverse was the case with 10% CO2 feed. We  opine this
o be due to the differences in textural properties as high level CO2
dsorption tends to rely, signiﬁcantly on micropore conﬁguration
han the surface chemistry. Therefore, the samples do not show the
ame adsorption efﬁciencies for both levels.
These results conﬁrmed that narrower micropores of CS over CL
avour CO2 adsorption, especially at higher CO2 levels. However,
pon impregnation of calcium species, CL showed better selectivity
han CS.  This is believed to the due to the availability of wider pores
n CL that accommodates the impregnation of the basic metallic
pecies, which might have blocked the narrower micropores of CS.
he huge difference in the efﬁciency of Ca(NO3)2 over Ca(Et)2 with
espect to 0.3% CO2 compared to the higher but mere efﬁciency of
a(Et)2 over Ca(NO3)2 showed that Ca(NO3)2 is more efﬁcient for
oth indoor and outdoor cases.
Hence, by comparison, for both CO2 levels, A-CaN–CL showed to
e the best sample amongst all. And we infer that the larger amount
f heterogenous and basic sites, comparising of both organic SNFs
nd inorganic calcium oxide, achieved by the integrated impre-
ration. This result agrees with the estimation made by isobaric
esorption test.
. ConclusionsThe preparation of a low-cost, available and efﬁcient dry adsor-
ent for environmental CO2 dry scrubbing has become a major
rea of research since the advent of global warming and indoor
[
[q (mmol/g)
ls CO2 adsorption.
air quality (IAQ) monitoring. The present work experimented on
integrated incorporation of both N-containing organic species and
inorganic calcium oxide which have proven to have strong afﬁn-
ity for CO2 chemisorption. Pre-treatment with Ca(NO3)2 ensured
the incorporation of more SOFs which are liable to form SNFs
with high CO2 afﬁnity than those tethered by HNO3. Eventual CO2
results showed that Ca(NO3)2 pre-treated samples provide sites
with highest afﬁnity towards CO2 especially at trace level. Although
calcinated samples showed higher pure CO2 and high level capac-
ities, for environmental use however, integrated treatment with
Ca(NO3)2 gave better selectivity for both conditions considered.
Consequently, CO2 selective adsorption is better enhanced by pre-
treatment with wet agent that bears calcium metal, on CL rather
than CS.
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